Sixteen participants viewed a videotaped tour of 4 houses that highlighted a series of objects and their spatial locations. Participants were tested for memory of object, spatial, and temporal-order information while undergoing functional magnetic resonance imaging. Preferential activation was observed in the right parahippocampal gyrus during the retrieval of spatial-location information. Retrieval of contextual information (spatial location and temporal order) was associated with activation in the right dorsolateral prefrontal cortex. In bilateral posterior parietal regions, greater activation was associated with processing of visual scenes regardless of the memory judgment. These findings support current theories positing roles for frontal and medial temporal regions during episodic retrieval and suggest a specific role for the hippocampal complex in the retrieval of spatial-location information.
A variety of distinctions have been made to categorize different types of memory. One common distinction is that between episodic and semantic memory (Tulving, 1972 (Tulving, , 1983 (Tulving, , 1985 . Semantic memory refers to general knowledge about the world-objects, concepts, relations, and facts-when the source or context in which the information was acquired is unknown or irrelevant. Episodic memory, the focus of the present study, represents events such as the first time you drove a car or the day you moved into a new apartment. According to Tulving (1972 Tulving ( , 1983 Tulving ( , 1985 , episodic memory refers to the recollection of an event that is defined by a unique spatial and temporal context. Phenomenologically, retrieval from episodic memory has been described as remembering or reexperiencing a specific event from the past (Tulving & Markowitsch, 1998) .
Despite the importance of context for episodic memory, few experimental paradigms simultaneously investigate the three defining components of episodic memory, namely content (objects or items), spatial context, and temporal information. Studies of episodic memory most often have focused on the retrieval of items that are learned within a single episode or some aspect of the source of the information. Source, as the term is typically used in the literature, may refer to multiple types of context, such as spatial, temporal, or physical attributes of the original learning event, depending upon the experimental paradigm. A typical spatial-location paradigm entails the presentation of objects in various locations in a grid; participants are tested subsequently for their memory for the objects alone or for the objects and their original locations (Chalfonte, Verfaellie, Johnson, & Reiss, 1996; Kohler, Moscovitch, Winocur, Houle, & McIntosh, 1998; Pigott & Milner, 1993; Smith & Milner, 1981 , 1984 , 1989 . Other typical source paradigms present words, sentences, or other items in different test lists (visual presentation) or different voices (auditory presentation; Glisky, Polster, & Routhieaux, 1995; Glisky, Rubin, & Davidson, 2001 ; for review, see Johnson, Hashtroudi, & Lindsay, 1993) . The participant is then tested on his or her memory for the item (a word or sentence) and the source or presentation context (the test list or voice).
Evidence from animal, neuroimaging, and patient studies indicates that medial temporal lobe structures play an important role in encoding and retrieval of episodic memories (Maguire, Burke, Phillips, & Staunton, 1996; Scoville & Milner, 1957 ; for reviews, see Lepage, Habib, & Tulving, 1998; O'Keefe & Nadel, 1978; Schacter & Wagner, 1999) . Additionally, there is little question that at least some frontal lobe regions play a critical role in episodic memory retrieval, as discussed in recent reviews of neuroimaging (Fletcher & Henson, 2001) , normal aging in older adults (Glisky, 1998) , and confabulating patients (Johnson, Hayes, D'Esposito, & Raye, 2000) . However, considerable debate remains regarding the specific contributions of medial temporal and frontal subregions to episodic memory. Additionally, current theories of episodic memory focus either on the role of the frontal lobes (Nolde, Johnson, & Raye, 1998; Tulving, Kapur, Craik, Moscovitch, & Houle, 1994) or the role of the medial temporal lobes (Lepage et al., 1998; Nadel & Moscovitch, 1997; Squire, 1992) , without describing how these regions may interact (but see Glisky, 1998; Moscovitch, 1994) .
One step toward an integrated theory of episodic memory retrieval may be to simultaneously assess contributions of frontal and medial temporal regions while isolating retrieval of content from various aspects of context. Several recent neuroimaging studies have investigated different components of episodic memory retrieval, with somewhat inconsistent results. In a positron emission tomography study, participants studied words that were presented in one of two lists and appeared either on the left or the right side of the screen (Nyberg et al., 1996) . Participants were later tested for their memory for the words (items), the study list in which the words appeared (temporal order), and whether the words appeared on the left or right side of the screen (spatial location). The authors reported specific regions of activation that were associated with the retrieval of each episodic component: right middle temporal gyrus and right inferior frontal gyrus for item retrieval, left middle frontal gyrus for location information, and anterior cingulate gyrus for temporal order. Burgess, Maguire, Spiers, and O'Keefe (2001) also investigated this issue using a virtual-reality environment. In this functional magnetic resonance imaging (fMRI) study, participants explored a computer generated environment and were presented with objects from one of two characters in either of two spatial locations. During subsequent scanning, participants were then tested for memory for the objects they received, the character who presented the object, and where they received the object. The results indicated activation in bilateral anterior prefrontal cortices during retrieval of both types of context information. Unlike Nyberg et al. (1996) , however, they did not find activation in left middle frontal gyrus associated specifically with retrieval of spatial location, but instead reported a network of regions that included right posterior parietal lobe, precuneus, and bilateral parahippocampal gyri. This study did not test for temporal-order information.
The goal of the present study was to further address the regional patterns of activation in frontal and medial temporal lobe structures during recollection of specific elements of episodic memory. Like Nyberg et al. (1996) , we focused on the defining components of episodic memory, comparing retrieval of item, spatial, and temporal information acquired within a single episode. We propose that although some brain regions will participate similarly in the retrieval of all aspects of episodic memory, retrieval of item, spatial, and temporal information may also rely on more specific regions within the frontal and medial temporal lobes. Like Burgess et al., (2001) , we chose to present participants with context-rich materials. Participants in the present study viewed a narrated videotaped tour of four houses in the Tucson, Arizona area. The tour highlighted a series of objects and their particular locations within a distinctive room in each house. During a subsequent fMRI scan, participants were tested for their memory for the objects, the spatial locations of the objects, and the temporal order in which the objects were presented.
Method

Participants
Sixteen volunteers with normal vision and hearing who gave informed consent were recruited from the University of Arizona community and screened for contraindications to MRI. Participants were oriented to the fMRI procedure prior to the imaging session and were compensated for their participation. Two participants were excluded from the neuroimaging analyses on the basis of their behavioral accuracy results, which did not differ significantly from chance. The remaining 14 participants (9 women and 5 men; mean age ϭ 24 years, range ϭ 20 -36 years, mean level of education ϭ 16.2 years) were included in all analyses.
Study Materials and Procedure
During the study phase, participants were placed supine on the MRI table, fitted with high-resolution goggles and earphones (Resonance Technologies, Los Angeles, CA), and had their heads stabilized with cushions. Participants were shown the study material via the goggles while lying outside the scanner. The study material consisted of a videotaped tour of four different houses in the Tucson, Arizona community, viewed consecutively. Total viewing time was approximately 9 min. Each tour began with a view of the outside of the house for 5 s and then moved inside to a distinctive room, highlighting objects (between seven and nine objects per house) and their spatial locations within the room. The tour was narrated to ensure that participants were attending to target objects while never naming them; "Notice what's on the (coffee table) ." After a 2-s delay (black screen), the tour of the next house began, as described above. In total, participants were presented with 30 target objects. Two study videos were created using the same four house tours and target objects, with the four houses presented in different orders. Presentation of the two study videos was counterbalanced across participants.
Prior to viewing the videotape, participants were told that they would be tested for their memory for the objects, the location of objects, and the order of objects and their locations. It was emphasized that they would not have to remember the order of objects as they were encountered within each house, but that they would be required to remember whether the item was encountered within the first, second, third, or fourth house. They were shown a brief practice videotape and samples of test materials to ensure that they understood the types of information that would later be tested. The entire study videotape was presented to participants twice, because pilot data suggested that recognition rates, particularly for the temporalorder condition, were poor after only one presentation of the tour. After viewing the videotape twice, the participants were moved into the bore of the scanner, and sagittal localizer and T1 structural scans were collected (see the Image Acquisition section); the delay between study and test was approximately 15 min.
Test Materials and Procedure
The test phase occurred while participants were undergoing functional scanning. We tested participants on their memory for the objects, spatial locations, and temporal order with a self-paced two-alternative forcedchoice recognition test. The test list was based on the 30 target objects presented during the videotaped tour and included 240 trials: 60 object, 60 spatial location, 60 temporal order, and 60 control trials (details of each trial type are described below; see Figure 1 for examples). Trials were Figure 1 . Examples of test probes. The cue appeared on the screen for 2 s, followed by the simultaneous presentation of the two images. The images remained on the screen until the participant made a response.
presented in quasi-random order with the stipulations that (a) an object had to be tested in the object-recognition condition before it was tested in either the spatial-location or temporal-order condition and (b) at least three intervening trials occurred before an object was presented again in any trial type. Halfway through the 120 trial test, participants were given a 90-s rest break, and then the remaining half of the test trials were presented.
The general description of a trial was as follows: All trials were preceded by a cue presented for 2 s that alerted the participant to the particular trial type that would follow. Two still photographs were then presented sideby-side on a white background. It is important to note that all photographs of objects and scenes used to create the test trials were taken from the exact same perspective as they were viewed during the videotaped tour. Participants indicated their choice by pressing one of two response buttons held in their left and right hands, corresponding to the left and right pictures respectively. Correct responses were equally likely to occur on either side of the screen. The test proceeded to the next trial 1.5 s after the participant made their choice. Thus, a trial lasted 3.5 s plus the response time of the participant for that particular trial, resulting in jittered total trial times ranging from 4.4 s to 6.9 s.
While participants were in the scanner, we presented test stimuli to them via the high-resolution goggles using a PC computer and DMDX (Version 2.4.06; Forster & Forster, 2003) , a stimulus presentation program that also recorded the timing of the onset of each test stimulus, button press responses, and response times. Onset of scanning was also controlled by DMDX to allow for exact alignment of recorded stimulus onset times and volume acquisition times for the purpose of eventrelated analysis.
Memory for object trials consisted of a target object from the videotaped tour presented beside a similar object lure not previously viewed in the videotape. There were 60 object trials that included the 30 target objects, each tested twice, and 30 object lures that were also repeated. However, target and lure pairs were not repeated. Thus, on the first test trial, a target object was presented with a novel object lure. On the second test trial, the target object was presented with a repeated object lure, but the target-lure pair had not previously occurred. Object trials were preceded by the cue "WHICH OBJECT DID YOU SEE?"
Memory for spatial location trials consisted of 30 object-location targets and 60 object-location lures. Lures were created by recombining objects and locations that were viewed during the videotaped tour. As with object trials, object-location targets were tested twice. On one test trial, the target was presented with an object-consistent lure (the same target object was presented but in an incorrect location within the same house). On the other test trial, the target was presented with a landmark-consistent lure (the same location was presented but with an incorrect object from the same house). The participant was required to choose which object-location pair occurred during the tour. Trials were preceded by the cue "WHICH SCENE DID YOU SEE?"
Memory for temporal order trials presented two objects or two scenes that were previously viewed in the videotaped tour, and the participant was required to indicate which object or scene was viewed first. There were 30 object trials and 30 scene trials in the temporal-order condition. All trials compared two objects or two scenes that had occurred in different houses. Trials were preceded by the cue "WHICH OBJECT WAS VIEWED FIRST?" or "WHICH SCENE WAS VIEWED FIRST?"
Control condition stimuli were Fourier-transformed images of objects and scenes used in the three memory trial types. No image was identifiable as an object. Two scrambled pictures were presented side-by-side, one overlaid with an "X" and the other overlaid with an "O." Participants were required to determine which picture had an "X" or which picture had an "O." There were 60 control trials, with 30 trials preceded by the cue "WHICH PICTURE HAS AN 'X'?" and 30 trials preceded by the cue "WHICH PICTURE HAS AN 'O'?"
Image Acquisition
Images were collected on a 1.5 Tesla whole body scanner (Signa Echo Speed; General Electric, Milwaukee, WI). Total scan time was approximately 1 hr. A sagittal localizer was collected in order to align a set of T1-weighted images (matrix ϭ 256 ϫ 256, TR ϭ 500, TE ϭ min full, FOV ϭ 22, sections ϭ 25, 4.5 mm, no skip) parallel to the anterior commissure-posterior commissure plane. Following acquisition of the T1 anatomical images, we acquired whole-brain functional images in the same anterior-posterior commissure plane using a single-shot spiral sequence (Glover & Lee, 1995 ; matrix ϭ 64, TR ϭ 2500, TE ϭ 40, sections ϭ 25, 4.5 mm, no skip). Functional scanning occurred in two runs and lasted approximately 35 min. After the completion of the functional scans, we collected a high resolution SPGR series (1.5-mm sections covering whole brain, matrix ϭ 256 ϫ 256, flip angle ϭ 30, TR ϭ 22 ms, TE ϭ min full, FOV ϭ 25 cm) in order to locate anatomical regions of activation and to overlay functional images for coregistration in Talairach space.
Image Analysis
Images were corrected for minor head movement using Analysis of Functional NeuroImages (Cox, 1996) . Data were normalized and smoothed (within-plane, 5 mm) and transformed into standard space using the FreeSurfer Functional Analysis Stream (FS-FAST; 2001) . Image data were analyzed using a rapid-presentation event-related technique developed and validated by Dale and Buckner (1997; see also Dale, 1999) . Only correct responses were included in the event-related analyses. Time windows of a 20-s poststimulus onset window and a 5-s prestimulus window were modeled as a linear combination time-invariant hemodynamic response (HDR) with Gaussian noise. HDR estimates for each condition were calculated by simultaneous least-squares fitting across the time windows. The onset time for each test-trial stimulus was used as the onset time for the HDR estimation. The estimates of the HDR for the control condition were used as a baseline.
Analyses were conducted as a two-step process, first identifying regions of significant activation and then extracting and comparing the mean HDR for each experimental condition within each region. In order to identify regions of significant activation, we combined all memory trials (object, spatial, and temporal) and contrasted them with the control condition using a group random-effects analysis conducted on the coregistered image data sets that included all participants (FS-FAST software; Burock & Dale, 2000) . No region was included in further analyses unless it was significant in the group random-effects analysis ( p Ͻ .05). Within regions identified in the group random-effects analysis, we tested individual data sets on a voxel by voxel basis using a t-statistic weighted for an ideal HDR (Dale & Buckner, 1997) . Voxels that were significant at p Ͻ .0001 were included in further analyses for a given individual. Clusters of activation were identified by Talairach coordinates and Brodmann areas (BAs) were assigned as specified in the Talaraich atlas (Talairach & Tournoux, 1988) . Whereas most studies report frontal activations as groups of BAs, regions were separated in this study to determine whether a specific frontal region activated differentially depending upon the particular trial type.
1 Medial temporal lobe structures were also carefully separated to investigate differential contributions of the hippocampus proper, the parahippocampal gyrus (PHG), and the fusiform gyrus. For instances in which the localiza-tion of a voxel was equivocal, localization was based on an automated program (Talairach Daemon; Lancaster et al., 2000) .
Once regions of significant activation were identified, the mean amplitude of HDR was compared across the three memory trial types. For each subject, a mean HDR estimate was created for each memory condition, within each significant region of activation, and output as percentage of signal change relative to the baseline condition (control task) at 2.5, 5.0, 7.5, and 10.0 s poststimulus onset. Peak amplitudes for the three memory conditions were analyzed using a repeated-measures analysis of variance (ANOVA) comparing the average of the three peak time points of the HDR: 2.5, 5.0, and 7.5 s poststimulus onset. If a significant main effect of memory condition was observed, follow-up paired-samples t-tests were performed between conditions.
Results
Behavioral Results
Even after two presentations of the videotaped tour, temporalorder judgments were more difficult than spatial-location judgments, which were in turn more difficult than object recognition (see Table 1 ). Accuracy and response times were analyzed separately using one-way repeated-measures ANOVAs, comparing the three experimental conditions (object, spatial, temporal), and followed up with paired t-tests. Accuracy rates differed significantly, F(2, 26) ϭ 97.78, p Ͻ .001, with higher accuracy for object, followed by spatial location, followed by temporal order, ts(13) Ͼ 3.72, p Ͻ .005 for all pairs.
Response times also differed significantly, F(2, 26) ϭ 23.38, p Ͻ .001. Participants responded significantly faster during object trials compared with spatial trials, t(13) ϭ 12.7, p Ͻ .001 and temporal-order trials, t(13) ϭ 5.4, p Ͻ .001. There was no difference in response time for spatial and temporal trials, t(13) ϭ 1.84, ns.
Imaging Results
Results of the random-effects analyses indicated significant activation in the left and right fusiform gyrus, the left and right posterior parietal regions, the right hippocampus, and the right PHG. Talairach coordinates for these regions are listed in Figures 2 through 4. Frontal activation included the left and right dorsolateral prefrontal cortical regions and the right ventral frontal cortical regions (see Table 2 for details of BA and Talairach coordinates).
Analyses indicated that some regions were equally involved in the retrieval of each type of information, whereas others were preferentially involved in the retrieval of contextual (spatial location and temporal order) information, and still others were involved specifically in the retrieval of spatial location. Medial temporal lobe structures are discussed first, followed by frontal regions. Other areas of activation are mentioned last.
Medial Temporal Lobe Regions
Retrieval of episodic information was associated with significant activation in two medial temporal lobe structures, the right PHG and the hippocampus proper, as depicted in Figure 2 . The two subregions showed different HDR patterns for the three trial types.
The most striking finding was the robust activation in the right PHG, observed in 13 of 14 participants. In this region, activation was significantly greater during the retrieval of spatial-location information relative to the retrieval of object and temporal information, F(2, 24) ϭ 5.15, p Ͻ .05, all ts(12) Ͼ 2.3, p Ͻ .05.
Significant activation was also observed in the right hippocampus proper in 9 of 14 participants. The right hippocampus showed equivalent activation during the retrieval of object, spatiallocation, and temporal-order information, as a main effect for condition, F(2, 16) Ͻ 1, ns, was not observed. The difference in pattern of activation between the hippocampus and the PHG was confirmed with a repeated-measures ANOVA comparing region (hippocampus, PHG) and condition (object, spatial, temporal) . The analysis yielded a significant interaction, F(2, 8) ϭ 9.43, p Ͻ .01. Table 2 lists all active frontal regions organized by BA and follow-up statistical tests comparing activation across memory conditions. Voxels meeting the criterion for significance were classified into BAs using the Talairach atlas (Talairach & Tournoux, 1988 ). Significant activation was observed bilaterally in anterior and dorsolateral regions of the prefrontal cortex (PFC) and also in the right ventral PFC. In the majority of right frontal regions that included the dorsolateral PFC and extending into motor regions (BA 44, 45, 46, 6, 8 , and 9), we observed greater activation during the retrieval of contextual (spatial and temporal) information than content (object) information. We observed a similar trend across left dorsolateral PFC regions, but differences were not statistically significant. In left and right anterior (BA 10) and right ventral frontal regions (BA 11 and 47), no differences in activation were observed between conditions. There were no frontal regions in which we observed significantly greater activation during the retrieval of temporal-order information compared with spatial-location information, or the reverse.
Frontal Regions
Other Regions of Activation
Fusiform gyrus. Significant activation was observed in all 14 participants bilaterally in the fusiform gyrus (depicted in Figure 3) , and the main effect for condition was significant for the right fusiform, F(2, 26) ϭ 5.48, p Ͻ .01, and the left fusiform, F(2, 26) ϭ 6.19, p Ͻ .01. In both hemispheres, significantly greater activation was associated with the retrieval of spatial location compared with object and temporal information, all ts(13) Ͼ 2.74, p Ͻ .05.
Parietal regions. Retrieval of contextual information was associated with significant activation bilaterally in posterior parietal regions in all 14 participants as depicted in Figure 4 . The activation in the parietal lobe was extensive, including the superior parietal lobule and precuneus as well as portions of the inferior parietal lobule (BA 39/40/7). These regions were combined in a single analysis. In the left posterior parietal region, a main effect of condition was observed, F(2, 26) ϭ 14.07, p Ͻ .001. Greater activation in this region was associated with the retrieval of both types of contextual information-spatial location and temporal order-relative to object information, all ts(13) Ͼ 3.89, p Ͻ .01. No difference in degree of activation was observed during spatial and temporal trials, t(13) ϭ 1.70, ns.
In the right posterior parietal region, a main effect of condition was also observed, F(2, 26) ϭ 11.58, p Ͻ .001. Greater activation was observed during the spatial and temporal trials compared with the object trials. Furthermore, significantly greater activation was associated with the retrieval of spatial location relative to temporal-order information, a pattern not observed in the homologous region on the left, all ts(13) Ͼ 2.13, p Ͻ .05.
Object recognition repeated trials. One concern in the study design was that target objects and object lures were repeated during the test phase to create 60 test trials. Although the objects and lures were re-paired at the second test presentation, it is possible that the second recognition discrimination relied on processes that were related more to source monitoring than to simple object recognition. Because frontal cortical areas in particular have been implicated in source judgments, we compared the peak HDR amplitude for the first and second presentation of object recognition in each frontal region. Only one frontal region showed a significant difference, left BA 46, t(9) ϭ 3.1, p Ͻ .013, in which HDR amplitude was greater during the second presentation (mean 0.18% signal change) than the first presentation (mean 0.08% signal change). Although this increase was observed in only one frontal region, it Note. Listed are the results of one-way analyses of variance and follow-up paired sample t-tests in frontal regions comparing the average peak hemodynamic response among object, spatial, and temporal trials. N indicates the number of participants out of 14 included in each subregion analysis. Significant differences were not observed between spatial and temporal conditions in any frontal region. Talairach ϭ Talairach coordinates of the center of a given cluster; BA ϭ Brodmann's areas of a given cluster; S ϭ spatial; T ϭ temporal; O ϭ Object.
raises the possibility that the second presentation of the objects may have relied more heavily on source monitoring processes. However, in all other regions, separating the two object trial types was consistent with results of previous analyses. Spatial scenes and temporal-order scenes. We sought further confirmation that activation in the right PHG was specifically associated with retrieval of spatial-location information rather than the visual analysis of complex scenes. Using the temporal-order trials, we were able to investigate this issue directly. As previously stated, there were two subtypes of temporal trials: In half of the trials, two objects were presented in a scene, whereas in the other half of the trials, the two objects were presented alone. If a region responds preferentially to the retrieval of spatial-location information, then spatial trials should be significantly greater than both temporal trial subtypes. If, however, a region is responding preferentially to the visual analysis of a complex scene, then one would predict equivalent activation for all scene trials (spatial and temporal-order scenes), and greater activation for scenes relative to object trials (object and temporal-order objects). These hypotheses were compared in the right posterior parietal cortex and the right PHG, as these regions have been implicated in differential processing of scenes and spatial context (Bar & Aminoff, 2003; Burgess et al., 2001 ). Figure 5 shows the peak HDR amplitude for each trial subtype in right posterior parietal and right PHG. The right posterior parietal cortex showed a pattern of activation consistent with the processing of complex visual scenes. Significantly greater peak amplitude activation was observed in conditions that included complex scenes (spatial and temporal-order scenes) relative to trials that presented objects only (objects and temporal-order objects), all ts(13) Ͼ 2.86, p Ͻ .01. It is important to note that the right PHG responded preferentially to the retrieval of spatial-location information. In contrast to the parietal cortex, temporal-order scenes, temporal-order objects, and object trials did not differ from one another, all ts(12) Ͻ 1.57, ns. Spatial-location trials showed significantly greater activation than both temporal trials and object trials, ts(12) Ͼ 2.36, p Ͻ .05. 
Discussion
To summarize, during episodic retrieval we found regions of activation in medial temporal, frontal, fusiform, and parietal regions consistent with previous neuroimaging studies (Cabeza & Nyberg, 2000; Desgranges, Baron, & Eustache, 1998) . It is important to note that some regions were equally involved in the retrieval of object, spatial, and temporal information, whereas others were preferentially involved in the retrieval of both types of contextual information, and still others were involved specifically in the retrieval of spatial-location information.
The current results are consistent with a previous fMRI study by Burgess et al. (2001) . Both studies tested participants' memory for objects, spatial locations, and additional nonspatial contextual information-temporal order in the current study and "memory for person" in Burgess et al. Both studies found preferential activation in the right PHG during retrieval of spatial information relative to object information and nonspatial context. Activation in the right and left posterior parietal regions was also greatest during retrieval of spatial context, but unlike the right PHG, this region also responded moderately to nonspatial contextual memories, as greater activation was observed for nonspatial context relative to object information. Finally, both studies found that activation in bilateral dorsolateral prefrontal regions increased during the retrieval of contextual information compared with object retrieval, with no observed differences between spatial and nonspatial context in any frontal region.
Before discussing the results from medial temporal and frontal regions in more detail, it is important to note that the pattern of activation observed did not simply coincide with the level of difficulty. Despite behavioral evidence and participant reports that the temporal-order condition was the most difficult, no brain region responded preferentially to temporal-order information. Activation during temporal-order judgments was sometimes equivalent with object retrieval and sometimes equivalent to spatiallocation retrieval, depending upon the brain region.
One question that arises from the current study relates to the absence of regions responding preferentially to the retrieval of object or temporal-order information. First, although significant activation was observed during object trials relative to the control condition, no region showed activation during object trials that was greater than that observed during temporal and spatial-location trials. In the current paradigm, spatial and temporal trials probably also incorporate object recognition as part of the task, making it less likely to observe activation in regions specific to the objectonly trials. Second, no region showed a specific response to temporal-order trials, with greater activation for temporal trials relative to both object and spatial trials. Although frontal regions have been implicated in memory for temporal order (Shimamura, Janowsky, & Squire, 1990) , retrieval of temporal order may be confounded with retrieval of spatial information in the current experimental paradigm. To simplify the task, participants may have used a strategy for temporal trials in which they first thought of the house to which the object belonged and then thought of the order of the four houses. Using such a strategy, one would not expect to observe obvious differences in the level of activation between spatial and temporal trials. Alternatively, the lack of a frontal region responding to temporal-order judgments may also reflect the inadequacy of defining BAs as identified by atlas-based coordinates. It is possible, given a paradigm that could not rely on a spatially mediated strategy and better methods for separating functional subfields of frontal lobe clusters, that such temporal order-specific frontal regions would be identified.
Medial Temporal Lobe Regions
Activation was found in both the right hippocampus proper and the right PHG. The hippocampus proper showed a similar pattern of low-amplitude activation across object, temporal-order, and spatial-location conditions. In contrast, activation in the adjacent PHG showed a specific response to the spatial-location condition. Although activation was significant for all three memory conditions, there was a striking increase in amplitude of response during spatial-location trials.
Previous imaging studies have implicated the PHG in the processing and representation of spatial scenes (Epstein & Kanwisher, 1998; Mellet et al., 2000) and for successful encoding of novel information for subsequent memory performance, particularly when encoding includes spatial context (Brewer, Zhao, Desmond, Glover, & Gabrieli, 1998; Davachi, Mitchell, & Wagner, 2003) . The PHG appears to be particularly important for encoding the location or spatial context of objects in novel large-scale environments. For example, Maguire and colleagues have reported PHG activation during encoding of objects in locations in a virtual environment relative to encoding during exploration of a featureless environment (Maguire, Frackowiak, & Frith, 1996; Maguire, Frith, Burgess, Donnett, & O'Keefe, 1998 ; see also Aguirre, Detre, Alsop, & D'Espositio, 1996) . Interestingly, the PHG not only mediates the encoding of objects in novel spatial contexts, but it may also play a role in the representation or analysis of long-term spatial contextual associations. A recent fMRI study by Bar and Aminoff (2003) demonstrated that PHG activation was observed when participants viewed objects with differing strengths of contextual associations. Objects that were highly associated with a unique context (e.g., a hardhat) elicited greater activity in PHG than objects without a uniquely associated context (e.g., a book).
The current study suggests that, besides playing a role in the analysis and encoding of spatial context, the PHG is also important for the retrieval of the spatial location of objects. Activation in the right PHG was greatest for retrieval of spatial-location information-more so than during the retrieval of either object or temporal-order information-suggesting that PHG activation was not driven simply by the presentation of complex scenes, but by the specific requirements of the memory task. The secondary analysis separating temporal-order trials into scene and object subtypes strengthens this conclusion. The presentation of two complex scenes (as in the temporal-order scene condition) did not, by themselves, increase PHG activation (in contrast to the pattern of activation observed in the right posterior parietal cortex). The PHG responded preferentially only when subjects were required to remember the combination of scene elements that had been presented at study.
In the present study, the predominant PHG activation was in the right hemisphere, consistent with neuroimaging studies of spatial recognition (Johnsrude, Owen, Crane, Milner, & Evans, 1999) and earlier patient studies that emphasize the importance of the right PHG in recognizing spatial-location information. Right temporal lobectomy patients, for example, are impaired in memory for the location of objects but not for the objects themselves (Pigott & Milner, 1993; Smith & Milner, 1981 , 1984 , 1989 . Milner and colleagues attributed this impairment in object location to damage to the hippocampus, although it was noted that damage extended beyond the hippocampus proper to include the PHG, and indeed, the severity of object location impairment correlated with the extent of damage. It is possible, therefore, that the critical region underlying the observed deficit was the PHG. However, Bohbot et al. (1998) tested patients who had undergone thermo-coagulation with a single electrode along the amygdalo-hippocampal axis-a procedure that can potentially lesion single structures of the medial temporal lobe-to alleviate epilepsy. Patients with lesions restricted either to the right hippocampus proper or to the right PHG were equally impaired on an object location memory task. The PHG provides one of the major neocortical inputs to the hippocampus proper; a lesion to the PHG could be considered a functional lesion to the hippocampus.
Alternatively, the PHG and the hippocampus proper may play complementary, but different, roles in memory for spatial relations. Burgess, Maguire, and O'Keefe (2002) suggest that PHG is required for the iconic representation of scenes, whereas the hippocampus is required additionally only when the memory task requires the use of 3D space, such as when an individual is asked to identify a scene from an alternate point of view. The present results are consistent with this hypothesis. Still pictures of objects and scenes presented during the test phase of the study were taken from the same vantage point from which they were originally viewed during the videotaped tour. Subjects therefore were not required to infer information about 3D relations about objects in any of the three test conditions. Although we observed activation in the hippocampus proper, the magnitude of that activation was similar across all three test conditions, with no differences between spatial-location, temporal-order, and object trials.
Although there is little doubt that the PHG is engaged during the analysis, encoding, and retrieval of spatial location and spatial context, it has been suggested that the PHG generally mediates associative processing of stimuli of any kind, spatial or nonspatial (Bar & Aminoff, 2003; Eichenbaum, 2001) . In rat lesion studies, for example, an intact PHG is critical for the acquisition of associations between novel odors (Bunsey & Eichenbaum, 1993; Wood, Dudchenko, & Eichenbaum, 1999) . In humans, PHG activation has been observed during a task that required subjects to make novel associations between abstract nouns such as calmillusion (Jackson, Dobbins, & Schacter, 2002) . The present study suggests, however, that not all types of nonspatial contextual associations are mediated to the same degree by the PHG. Although we observed significant PHG activation during retrieval of temporal-order information (which presumably required temporal associations across objects), the magnitude of that activation was no greater than during object retrieval; only the spatial-location condition showed preferential activity in the PHG. Consistent with the present finding, Burgess et al. (2001) also observed PHG activation associated with retrieval of spatial location, but not with another type of nonspatial source information (which character was holding the object). It remains to be explained why some types of contextual associations engage the PHG while others do not, or alternatively, the circumstances under which some nonspatial contexts also engage the PHG.
The finding that the right PHG was most active during retrieval of spatial location has theoretical implications. An ongoing debate exists in the literature on the role of the hippocampal complex during the retrieval of episodic memory (for a review see Nadel, Ryan, Hayes, Gilboa, & Moscovitch, 2003) . Multiple trace theory (MTT) suggests that the hippocampal complex not only binds disparate pieces of information in the neocortex, but also participates in the storage of contextual information, possibly spatial information. An alternative view hypothesizes that the hippocampus merely acts as a pointer to neocortically represented information (Alvarez & Squire, 1994) . MTT posits that the hippocampal complex will be preferentially activated during the retrieval of spatial contextual material (Nadel & Moscovitch, 1997; Nadel et al, 2003; Nadel, Samsonovitch, Ryan, & Moscovitch, 2000) . Although MTT did not originally specify which structure within the hippocampal complex mediates encoding and retrieval of spatial contextual material, the preponderance of previous literature and the results of the current study suggest that the PHG may serve such a role.
Frontal Lobes and Their Role in Context
Researchers agree that the frontal lobes play an integral part during episodic memory retrieval, but there is ongoing debate regarding the laterality of frontal involvement as well as the specific roles played by various subregions of the frontal cortex. For example, the hemispheric encoding/retrieval asymmetry model (Tulving et al., 1994) suggests that retrieval of episodic memories engages right prefrontal regions, whereas retrieval of semantic memories (evident during encoding of novel material) engages left prefrontal regions. This appears to be true when the episodic task is a simple old-new recognition judgment. Frontal activation associated with episodic retrieval is often found to be bilateral in many other studies, particularly those with more complex or difficult recognition discriminations, including judgments regarding the source of the item being presented (for review, see Nolde et al., 1998 ).
An alternative model, the cortical asymmetry of reflective activity (CARA; Nolde et al., 1998) , suggests that during memory tasks the right PFC is involved with heuristic (automatic) processing of information whereas the left frontal lobe is recruited for systematic or reflective (deliberate) processing. By this view, simple old-new judgments based on familiarity may be sustained by heuristic processes subserved by the right PFC. More complex reflective processes necessary for the retrieval of additional information for complex old-new recognition or judgments of source are supported by the additional recruitment of left prefrontal cortical regions.
The results of the current study are generally consistent with the CARA model, as we observed robust activation bilaterally in the PFC, including BA 10, 46, and 9, regions that have been consistently observed in other complex recognition studies noted in Nolde et al. (1998) . Several specific findings, however, warrant discussion. First, the CARA model suggests that simple old-new recognition, such as a forced-choice task using one old and one new stimulus, should engage heuristic processes mediated by the right PFC. In the current study, we used a forced-choice recognition procedure, but our design most likely required greater reflective processing relative to traditional forced-choice tasks. Spatial lures consisted of recombinations of scene components that were all viewed during study, and temporal trials consisted of two scenes, both viewed during study, so these tasks could not simply have involved an assessment of familiarity. Even within the object condition, lures were repeated twice, making reliance on familiarity alone less likely. Performance in each of the three recognition conditions probably involved more complex processing than with a traditional forced-choice recognition task, resulting in bilateral activation in the PFC.
What is not directly predicted by the CARA model is the finding that right frontal regions, but not left, showed clear differentiations in the degree of activation between context trials (spatial-location and temporal-order judgments) compared with object-only trials. Although we observed a trend for greater activation during context and object-only trials in left prefrontal regions, these differences were not statistically significant. According to the model, the retrieval of contextual information would most likely require additional systematic processing, which should be reflected in left, not right, prefrontal activation. The finding is not necessarily problematic for the CARA model, as it could be argued that spatial and temporal trials also required more heuristic processing than object trials, resulting in greater activation on the right for those conditions. Currently, the CARA model does not specify what particular processes are associated with left and right prefrontal regions, although recent work by Johnson and colleagues has begun to address this issue (Johnson, Mitchell, Raye, & Greene, 2004; Johnson, Raye, Mitchell, Greene, & Anderson, 2003) . On the basis of the design of the current study, it cannot be determined whether the increased activation for contextual trials in the right PFC is best explained by increased heuristic processing or increased reflective demand. The present findings are, however, consistent with the general notion that prefrontal regions are important for memory judgments that involve multiple aspects of context and/or source (Fletcher & Henson, 2001; Glisky, 1998) . In contrast to the PHG, in which processing may be more circumscribed, perhaps only related to spatial-location context, frontal lobes appear to be involved in multiple aspects of context and/or source.
Conclusion
In summary, we found that a region of the medial temporal lobe, the right PHG, was preferentially activated during the retrieval of spatial-location information. Retrieval of spatial and temporal contextual information was associated with equivalent activation increases in the right PFC relative to object recognition. The current study suggests a complex network of brain regions associated with retrieval of episodic memories and, furthermore, that these regions respond differently based on the type of information that is retrieved. The results are consistent with the notion that the PHG participates preferentially in the processing and retrieval of spatiallocation information, whereas frontal lobes may mediate retrieval of multiple types of context, including both spatial and temporal information.
